Some parameters such as frequency of pod formation, average number of seeds per pod and percentage of empty pods were used to evaluate the variation of fertility in autotetraploid Vicia narbonensis. The results showed that the autotetraploid and diploid parents had the same number of ova per gynaecium. However, the tetraploid seedling produced fewer seeds per pod and per seedling than their corresponding diploids; the poor fertilization of many ovum was probably behind the decline of fertility in the autotetraploids. Several factors may be involved: the low efficiency of diploid pollen (related to a relatively slow growth of the pollen tubes), an unbalanced meiosis for a great number of mother cells of pollen grains and a significant morphological modification of the reproductive system due to the passage from the diploid to the tetraploid state.
Introduction
According to the available archaeological knowledge, the vetches would have been cultivated since the eight h century before Jesus-Christ (Zohary and Hopf, 1988) . For Vicia narbonensis, its use goes up to the second century before Jesus-Christ (Schulte-Motel, 1972) . In Tunisia, the main species as Vicia sativa L, Vicia villosa Roth. and Vicia narbonensis L, were at the origin of the development of significant forage surfaces across the country (Hassen, 1994) . But in the past decade, the cultivated areas reserved for these species continued to decline in favour of other species. The absence of improved varieties adapted to an intensive use was the principal cause of the decreasing areas.
The early selection work done on vetches, mainly on Vicia sativa ssp sativa L. through the agronomic evaluation of local populations has enabled to the release of the variety named 'common vetch'. The objective was to improve the quality of dry matter and the resistance to the climatic stresses in the local material.
After three decades of use, the 'common vetch' variety did not feet either the cropping requirements or the new forms of farmer requirements. Furthermore, it has showed a high sensibility to shading, a very slow winter development and a delayed period of maturity compared to the late oat varieties with which it was associated.
The difficulties in overcoming these agronomic constraints could be attributed either to the weak of methods used to exploit the potential of genetic variation in the local material or to the fact that the variety has reached the optimum of its performance.
The economic importance of vetches has imposed a continuous investigation for the regulation of its outputs, the improvement of its fodder qualities and its adaptation to various types of conditions. New sources of variability can be obtained by the study of the natural populations distributed over the world (Maxted, 1995) , the hybridization (Raina et al., 1989) or by the genomic changes for the creation of polyploid forms in particular the Indeed, the passage of the diploid state to the autoteraploïd one affected a great number of characters and had led to the creation of new genotypes in order to improve the existing variability. The presence of 4 allelic locations for the same locus provided a big number of combinations and reduced the modifications of the structure of the populations (Mansat and Picard, 1966) .
However, one of the major constraints to the extension of the autoteraploids is the weakness of their seed production. The analysis of the main factors affecting the fertility of the autoteraploïds has been the subject of several works such as: Picardy and Berthaut (1965) , Povilaitis and Boyes (1956) on Trifolium pratense L; Béji (1980) on Hedysarum coronarium L; Martin and Gonzalez (1981) and Alexy (1996) on Vicia faba L. and Bourgeois (1980) on Vicia narbonensis L. The conclusions, even they were different from one to another, they highlight the complexity of this phenomenon.
To evaluate the reproductive potentialities of the autoteraploïds plants in Vicia narbonensis (local population), we estimated the fertility of plants subjected to 2 mating systems: controlled self pollination and free pollination. The fertility of the plants was measured by the frequency of pod formation, the average number of seeds per pod, the average number of seeds per flower and the percentage of empty pods. These indices have been used in Medicago sativa L. (Dattee, 1975) , Hedysarum coronarium L. (Baatout, 1982; Chriki, 1986) and Lathyrus sp. (Chaibi et al., 1985; Ben Brahim, 1990) in order to estimate their ability to the sexual reproduction.
Materials and methods

Plant Materials
The diploid population (2n= 2x= 14) was collected in the Utica area (North-east of Tunisia) in semi-arid area with mild winter. Individuals representing this population were characterized by an ascending habit and smooth leaves with green-pale colour and inserted according to a distich alternate phyllotaxy. The flowers (1.8 to 2.4 cm in length) were solitary, rarely paired or in clusters with a purplish corolla.
The autotetraploid population (2n= 4x= 28) resulted from the treatment with colchicine of the diploid population. It differs from the diploid population by a general gigantism of the vegetative and floral growth, a denticulate foliar limb and presented a curving in the top in which we founded a micron characterizing the tetraploid forms. The flower is large (an average of 2.64 cm in length), solitary and intensively coloured.
Methods
The experimental design
Sowing was carried out in October 30 of 2005 at a rate of 2 seeds per pot. The substrate of the culture consisted of a mixture of sand and compost (2:1) sterilized with the drying oven at a temperature of 105°C during 48 hours. The experimental design was a randomized block with 3 replications. Each replication was represented by 5 pots (10 plants each).
Reproductive biology
Two modes of reproduction have been studied in diploid and tetraploid plants at the C2 stage: self pollination with tripping and free pollination. For each mode, 15 adult plants from tetraploid plants (C2) and 15 from diploid ones (check) were selected for a critical analysis of their floral biology. On each plant, 20 flowers with corolla barely visible were manipulated.
Self pollination with tripping
Flowers were tripped using a fine grip to remove the upper part of the hull which entirely enveloped the stamens. This action allowed the contact between the pollen and the stigma of the flower. The grip is sterilized with alcohol 95°C between 2 uses. The tripped flowers were then wrapped in perforated cellophane bags to avoid the rotting of the bodies.
Free pollination
In this experiment, the flowers were selected and identified from the blooming stage and left to free pollination. Like the majority of fodder and pastoral legume plants, the flowers of diploids and tetraploid Vicia narbonensis are visited by pollinators (Morthorpe and Jones, 1990) . These pollinators are represented by the domesticated bee (Apis mellifeca L.) and a specific plant bumblebee (Bombus terrestris L.) that visit large legume flowers (Hassen and Seklani, 1 992) .
For these two experiments, the following parameters were recorded on one individual plant: total number of pods (NP), total number of seeds (NS), average number of seeds per pod (S/P), number of pods per flower (P/F), percentage of empty pods (PEP), weight of 10 seeds (W10), weight of seeds per plant (SW/P) and length of the pod (LP).
Study of the pollen
Viability of the pollen
Pollen is collected from the anthers of flowers in early development. The indehiscent anther was crushed on a slide of glass containing a drop of the dye of Alexander (Alexander, 1969) . When observed under microscope, viable pollen had red colour while empty pollen had green colour.
Pollen germination test
To estimate the percentage of germinated pollen, the protocol of the hanging drop was followed: 2 -3 anthers were squashed on a slide in a drop of aqueous solution with 20 % of sucrose. After removing the debris from the anthers and homogenizing the preparation by using a clean grip, the slide is turned over on a container of distilled water. Germination occurred under atmospheric conditions of the laboratory. Germination is noted at the end of 2 hours using a photonic microscope (10  40).
Observation of the meiosis
The study of chromosomal pairing in metaphase I and anaphase abnormalities in mother cells of the pollen seeds (CMP) was carried out according to the method described by Jahier et al., (1996) . Since the flowers of the same inflorescence have different stage of development, all inflorescences with no flowers were harvested. They were collected in the axils of the last apical leaf.
Statistical analysis
The data were subjected to analysis of variance to determine the importance of various factors on the variability of the studied characters according to a fixed model with two factors of classification (level of ploidy and mode of reproduction). The computer program used was SAS (Statistical Analysis System, 1990) with ANOVA procedure.
A mean comparison test was used for some data such as the number of ova by gynaecium and number of seeds by pod for tetraploid and diploid plants. The Calculations were made by the computer program Msustat (version 3.20) with the procedure "Tsingle" (tests for single samples).
To evaluate the relationship between the chromosomal configurations during the meiosis and certain parameters of fertility (number of pods per plant, percentage of empty pods, total number of seeds per plant, average number of seeds per pod and the seed weight per plant), the simple correlation coefficient "r" was used. The calculation of "r" was carried out by the program SAS (Statistical Analysis System, 1990) with the procedure "Corr".
Results and Discussion
Variability of the fertility parameters
The analysis of the variance applied to the all data revealed significant effects of the ploidy and the mode of the breeding system on the variation of the studied parameters. However, certain traits such as the weight of 10 seeds and the length of the pod were not affected by the reproductive system. These two parameters were related to the ploidy level (Table 1 ).
The average weight of 10 seeds was estimated at 4.2 and 3.1 grams for respectively, the diploids and the tetraploids. Whatever the reproductive system, the tetraploid plants have significantly long pods (5.7 cm) than their corresponding diploids (4.8 cm). These two parameters (length of the pod and the weight of 10 seeds) are changing and accurately describe the different levels of ploidy in this species. The difference between diploids and tetraploids for these characters is maintained from one generation to another (C0, C1 and C2) regardless the system of pollination. This result was on line with several other results on the same subject. In barley, Assad and Cachon (1965) , after a cytological analysis of the descent of a certain number of plants treated with colchicine; note that the best correlative character of the degree of ploidy is represented by the size and the shape of the seed. Berkov (2001) , within the framework of a study on dimensions and the high content in alkaloids of seeds of Datura innoxia Mill., Datura stramonium L. and Hyoscyamus Niger L. reveals that the autoteraploïds created in these species present large seeds than those of their corresponding diploids.
In addition, the tetraploids produce very few seeds by plant. This reduced number of seeds is related to a lower pod to flower ration (P/F), a very reduced S/P ratio and a high percentage of empty pods (Table 1) . In fact, empty pods represent more than 60 % of the whole number of analyzed pods in tetraploid plants against only 7% in diploids parents (Figure 1) . Moreover, the rate of flowers giving pods (G/F) is higher in diploid forms whatever the reproductive system (0.93 to 1.00). In autotetraploid forms, these rates are significantly lower; they are around 0.7 and 0.93 respectively, in free and self pollination. Self pollination that tries to overcome the mechanical difficulty opposing the modifications of floral morphology (caused by the passage from the diploid state to the tetraploid one) allowed the majority of the flowers to have a correct pollination since the pollen grain are putted directly in contact with the stigma of the same flower. These morphological modifications associated with the change of the level of ploidy were revealed by Béji (1980) on Hedysarum coronarium L.
Diploid pods had approximately 2 times more seeds than tetraploid ones and the difference is higher in free pollination (Table 1) . Moreover, 87.5% of the pods observed in tetraploid plants contain a seed per pod on average. In diploid plants, we counted up to 7 seeds per pod; the most frequent number is 4 seeds per pod ( Figure  1 ).
For the parameters such as pods to flowers ratio (P/F) and percentage of empty pods (PEP), a significant interaction between the level of ploidy and the reproductive system is highlighted in tetraploid plants. For the other characters, this effect of synergy does not exist. A difference in behaviour between diploid and tetraploid seems to exist according to the reproduction system. Table 2 presents the evaluation, for each ploidy level of all the parameters studied in free and self pollination with releasing.
For diploid Vicia narbonensis L., the reproductive system does not affect the variation of the parameters of fertility. The diploids are shown to be particularly fertile in self and free pollination. For autoteraploids, the reproductive system seems to play a significant role on the studied parameters. Self pollination seems to improve the number of seeds per plant, the frequency of formation of pods, the number of seeds per pod and the number of seeds per flower. However, it reduces the percentage of empty pods per plant. This observation was revealed by various authors on different plants: Bingefors and Eskilsson (1962) on tetraploid Trifolium pratense and Hassen and Seklani (1992) on Medicago sativa L. This result suggests that in natural pollination, one of the problems which can be at the origin of the low of fertility in tetraploid plants would be a problem of fecundation.
The role of fecundation on the fertility of autotetraploïds was shown by the examination of the ratios: number of ova by gynaecium and number of seeds by pod. The decrease of the number of seeds per pod in autotetraploïds suggests that their ovaries contain fewer ova than in diploids. For that, we counted the number of ova on the gynaecium of 15 tetraploid and 15 diploid plants. The test of mean comparison for this criterion, has shown that the difference is not significant (Table 3) No relationship exists between the number of seeds per pod and the number of ova per ovary in autoteraploïd Vicia narbonensis under self or free pollination. The abortion of the majority of the ova is due probably to a bad pollination. This hypothesis suggests some questions about the pollen activity in autoteraploïd plants (in particular the malformation of seeds). Being given the small percentage of in vitro germination of the pollen in tetraploids, it is allowed to suggest that pollen germinates badly on the style and fertilizes a limited number of ova. The bad fecundation could be also due to the lack of pollen deposited on the stigma of tetraploid flowers (Bourgeois, 1980) . Being few fertile and fewer on the stigma, diploid pollen cannot ensure a suitable fecundation of the embryonic bag. This results in an abortion of the majority of ova and the obtaining of few seeds in the pod.
The study of the reproductive potentialities of Vicia narbonensis has detected 3 main problems behind the low for efficiency of pollen autotetraploïds: a morphological and physiological origin, a genetic origin and an origin related to the structure of diploid pollen.
Causes related to the structure of pollen
Grain pollen shape
The pollen of Vicia narbonensis autotetraploïd is formed by a mixture of grains with different shapes: oval, round and tetrahedral, in varying proportions. The oval shape, characteristic of the diploids, was represented in minor proportion (18 %) while tetrahedral shape (aberrant grains) is predominant (76 %) and is extremely variable from one individual to another ranging from 21.14 to 84.16 % (Figure 2 ). According to Béji (1980) , this particular shape of the pollen is due to a total non disjunction of the colporus at the meiosis state.
Judged by staining with carmine acetic first, followed by germination in a hanging drop of sucrose solution at 20 %, the fertility of the aberrant grain is significantly lower than that of the pollen in diploid plants (Table 4) . However, the coloration of anthers with hematoxylin showed normal nuclear contents and discarded the hypothesis of empty or aborted grains in order to explain this failure of germination. A partial sterility of the aberrant grains seems to be rather than of genetic origin. The plants with big proportions of aberrant grains produced, by self pollination, descendants having pollen with mainly tetrahedral or round shape. Among this descendant, the individuals containing more than 20 % of aberrant grains provide the lowest ratio of autogamy report whatever the reproductive system.
Shape of the pollen tube
In tetraploids, pollen tube is relatively short compared to that of the diploids (87 m for tetraploid vs. 118 m for diploids) (Figure 3) . At the time of fecundation, the pollen tube, in addition to its slow growth, will find more difficulties to cross its own style in order to reach the embryonic bag and to achieve a suitable pollination of the oosphere. This hypothesis was confirmed by the examination of the pods collected on tetraploid plants in which the first seed (at least) always failed (Figure 4) .
Causes of genetic origin
To explain the reduced fertility of diploid pollen, it was interesting to examine the meiotic configurations at the metaphasis I and the anaphasis I that have been considered by several authors as the main causes of sterility in many polyploidy species. In Trifolium pratense autotetraploïd, Povilaitis and Boyes (1956) assume that the presence of a high percentage of failed pollen abortion under the influence of a genetic factor whose action would reduce the formation of viable gametes. Also, Alexy (1996) reveals that the decline of fertility in tetraploid Vicia faba is due to an unbalanced meiosis leading to the formation of gametes partially or completely non-functional.
The comparison of the different meiotic configurations observed in tetraploid plants revealed a high significant difference between plants with regard to the frequency of associations into bivalents and quadrivalents. For the trivalent and monovalent, this difference was not significant (Table 5 ). The variability between plants can be explained by the fact that the initial population treated by the colchicine could probably contain plants with different genotypes. Moreover, the presence of a relatively small low number of multivalent in small cells analysed (Table 5) supposed that the separation of the homologous chromosomes at Vicia narbonensis autotetraploïd could take place in stages prior to metaphase I.; more investigations on the level of the diplotene and diakinesis stage may provide additional answers.
The incidence of the meiotic configurations on the fertility of tetraploid was evaluated by the correlation coefficient (r) calculated between the frequencies of chromosomal associations (in metaphase I) and certain parameters of fertility which were not affected by the univalent or trivalent. This was probably due to the small proportion of univalent (0.69) and trivalent (0.32) in the cells. The quadrivalent associations (an average of 2.55) seem to play a dominating role on these parameters. The tetravalent are associated with a poor grain yields and high a percentage of empty pods. They act, firstly by their importance in the CMP; it was demonstrated that since the mean number of tetravalent exceeded the 3 per CMP in a plant, all the parameters of fertility are affected (low rate of pod formation, high percentage of empty pods…).
Tetravalent can also act through the abnormal anaphases which is often the cause. Among these anomalies, stragglers were observed in certain cells ( Figure 5A ). The majority of these stragglers didn't join the batches anaphase at the time of the division of the genetic inheritance between the cells girls, since permanent anaphase bridges were observed at the telophasis stage ( Figure 5B ). Moreover, some of these stragglers form micronuclei and are involved in the formation of abortive gametes (pollens or ova).
The frequency of the stragglers varies from 15 to 18 % respectively, in anaphasis I and anaphasis II while that of the anaphasic bridge is lower. It is between 1.8 % and 5.6 % respectively, in anaphase I and anaphase II. The micronuclei were observed in 7 % of the analysed tetrads. On a sample of 11 tetraploid plants whose the pollen mother cells (CMP) showed, a significant number of multivalent (higher than 3) or an irregular disjunction of certain chromosomes (laggards, bridges…), or the 2 at the same time, the rates of pollinic viability and fertility were very low. This observation confirms the very significant role of the meiotic configurations and the abnormalities of the anaphase I on the gametogenesis and by consequent on the fertility of tetraploid Vicia narbonensis L.
Causes related to the physiology and the morphology of the tetraploid genotypes
In addition to the genetic factors, certain morphological and physiological parameters may contribute to reduce the fertility in this species: * throughout their very spread growing cycle, the autotetraploïds produce a significant proportion of flowers at the end of their cycle on new spring growing sheet when climatic conditions are not favourable to pollination. Moreover, when examined under the microscope, flowers show empty anthers and often didn't give pods. * the passage from the diploid state to the tetraploid one was associated with gigantism of all the vegetative and floral growth. The changes occurred at the reproductive system represented an important constraints for pollinators that have find mechanical difficulties to open and pollinate the flower. According to Bingefors and Eskilsson (1962) on Trifolium repens L.; Béji (1980) on Hedysarum coronarium L.; Hassen and Seklani (1992) on Medicago sativa L., and Dirk (1995) on Vicia narbonensis L., and in absence of obstructions, these pollinators are effectively involved in improving fruit set in legumes whatever their reproductive system. Performed manually on local tetraploid Vicia narbonensis tetraploid population, initiation of flowers has led to a significant improvement in the pods / flowers ratios which becomes very close to that of diploids (0.93).
Conclusion
The previous results showed that the seed production is relatively low among tetraploid Vicia narbonensis. The difficulties lie in the level of fertilization since the number of ova and flowers didn't differ between diploids and tetraploids. Many factors are behind this poor fertilization but the genetic cause seems to be more prevalent. Bad chromosomal pairing and no synchronized segregation of some chromosomes are responsible for the formation of high proportion of sterile pollen.
In order to better use the obtained teraploidy, it is advisable to know how and in what sense, the different genotypes will progress in terms of fertility. In this sense, the evaluation of the different parameters related to the fertility must be investigated in subsequent and further generations (C3, C4, C5…) until the genetic balance. The rapidity to achieve this balance as well as the level recorded for all these parameters are the criteria that will help to determine the future of the tetraploid population. 
